Molecular genetic analysis in the halophilic euryarchaeal organism Haloferax volcanii is used to demonstrate a role for NreA, a member of a previously uncharacterised but highly conserved family of archaeal proteins, in the cellular response to DNA damage caused by the DNA crosslinker mitomycin C. NreA function appears dependent on its ability to interact with the sliding clamp PCNA via a C-terminal PIP (PCNA interacting protein) motif. 
Introduction
DNA damage presents a severe and ongoing threat to the overall stability of the genome and the integrity of the genetic information. In all three domains of life DNA damage is countered by an extensive overlapping network of damage surveillance, repair and mitigation processes. Central to these processes are a large number of proteins that have evolved to recognize various types of DNA lesion and to catalyse their repair. In humans, mutations in several DNA repair pathways have been shown to result in predisposition to cancer. For example, inactivation of nucleotide excision repair (NER) enzymes (Scharer, 2013) is the most common cause of xeroderma pigmentosum (XP), an autosomal recessive disorder associated with an extremely high incidence of skin cancer. NER is the major pathway for the repair of UV damage in cells and XP patients are acutely sensitive to UV light due to their inability to repair UV-induced lesions (Scharer, 2013) . Understanding how DNA is repaired is of great importance for human health and as many of the basic mechanisms of DNA repair are conserved across all three domains of life, simple microbial systems can be used as models in the quest for a detailed understanding of these mechanisms.
The sliding clamp PCNA (proliferating cell nuclear antigen) plays a central role in many aspects of DNA metabolism in eukaryotic and archaeal cells (Maga & Hubscher, 2003 , Moldovan et al., 2007 . PCNA is a trimeric ring-shaped oligomer that is loaded onto double-stranded DNA in an ATP-dependent reaction catalysed by the clamp loader complex, replication factor C (Yao & O'Donnell, 2012) . Once loaded onto DNA, PCNA serves as a stable platform onto which other proteins can assemble (Tsurimoto, 2006) . While PCNA itself has no enzymatic activity, the majority of its binding partners are enzymes with DNA-directed activities, such as DNA polymerases, nucleases, methylases, glycosylases and ligases. PCNA partners participate in a wide range of processes and pathways, including chromosomal DNA replication, various DNA repair pathways (such as nucleotide excision repair, base excision repair, mismatch repair, etc.), recombination and cell cycle control (Tsurimoto, 2006) .
In eukaryotes and most archaeal lineages, PCNA is homotrimeric, with heterotrimeric forms being seen in a sub-set of archaea only (Dieckman et al., 2012) . In both homotrimeric or heterotrimeric PCNA complexes, each monomer is composed of two structurally similar domains and the three monomers are assembled in a head-to-tail fashion, giving the clamp structure overall six-fold symmetry (Krishna et al., 1994 , Gulbis et al., 1996 . Bacterial sliding clamps also have a ring-shaped architecture but are dimeric, with each monomer being made up of three related domains to maintain the six-fold symmetry (Kong et al., 1992) . The internal surface of PCNA is mainly formed by α-helices and is positively charged. This promotes interactions with DNA but still allows the PCNA trimer to slide along DNA. In contrast, the outer surface of PCNA is composed of β-sheets and is negatively charged. This region is involved in protein-protein interactions (Krishna et al., 1994 , Gulbis et al., 1996 .
Many of the proteins that interact with PCNA do so via a conserved short peptide sequence called a PCNA interacting peptide (PIP) motif that binds tightly to a hydrophobic pocket on the surface of the PCNA trimer (Warbrick, 1998) . The PIP motif has consensus sequence Q x x (a) x x (h h), where a represents amino acids with small hydrophobic side chains (usually I or L) and h represents amino acids with aromatic hydrophobic side chains (F, Y, W), and is often located at the extreme N-or C-terminus of the interacting protein (Warbrick, 1998) . Structures of eukaryotic and archaeal PCNA clamps in complex with PIP motif peptides from a variety of proteins have been determined by X-ray crystallography (Gulbis et al., 1996) , allowing PCNA-PIP interactions to be visualised in great detail (Winter & Bunting, 2012) .
In this report we describe functional analysis of a novel conserved archaeal PCNA interacting protein using the halophilic euryarchaeon Haloferax volcanii as a model system. The haloarchaea offer an attractive model for studies of archaeal DNA replication, repair and recombination owing to the ease with which representative species can be manipulated genetically (Farkas et al., 2013) . Hfx. volcanii in particular has proved a particularly successful model, with the functions of a number of key replication, repair and recombination factors already characterized genetically, including single-stranded DNA binding proteins (Skowyra & MacNeill, 2012 , Stroud et al., 2012 , the MCM helicase (Kristensen et al., 2014) , the Rad50-Mre11 complex (Delmas et al., 2013 , the Holliday junction resolvase Hjc , Lestini et al., 2013 , ATP and NAD-dependent DNA ligases (Poidevin & MacNeill, 2006 , Zhao et al., 2006 , and the Hef, RNaseHII and Fen1 nucleases , Meslet-Cladiere et al., 2007 . On the basis of their sequence similarity to biochemically well-characterised homologues in other archaeal species (see Meslet-Cladiere et al., 2007, for example) , the latter two Hfx. volcanii proteins, RNaseHII and Fen1, appear likely to bind to PCNA via conserved PIP motifs, although this has not been confirmed biochemically. On the same basis (orthology with known PCNA binding PIP motif-containing proteins in other archaeal species), six other Hfx. volcanii proteins (excluding the NreA protein described in this report)
can be postulated to bind to PCNA via PIP motifs, including three DNA polymerases and a DNA helicase (discussed further below). In each case the putative PIP motifs are located at the extreme C-termini of the proteins. While the three-dimensional structure of Hfx. volcanii PCNA has also been solved and the putative PIP motif binding pocket identified (Morgunova et al., 2009 , Winter et al., 2009 , no biochemical analysis of haloarchaeal PCNA-PIP interactions has been reported, nor has the in vivo importance of PCNA binding via PIP motifs been probed genetically.
The highly conserved nature of the PIP motif allows it to be used as a tool to identify novel PCNA binding proteins in bioinformatic screens. Here, we report the identification and characterization of a previously unstudied archaeal protein (NreA) carrying a C-terminal PIP motif sequence. Nre proteins are found encoded by almost all archaeal lineages in one or two copies per genome and the C-terminal PIP motif is a conserved feature of these proteins. Using the Hfx. volcanii as a model, we show that NreA is non-essential for cell viability but that cells lacking NreA are sensitive to DNA damage induced by treatment with mitomycin C (MMC). This sensitivity is associated with a significant delay in the repair of damaged chromosomes (visualised by PFGE) following MMC treatment. Genetic epistasis analysis shows that NreA acts in a different pathway to the repair factors Rad50-Mre11, Hjc, Hef and UvrD in MMC repair and points instead to a functional relationship with homologues of the bacterial UvrABC proteins implicated in nucleotide excision repair. Finally, we show that the phenotypes resulting from complete loss of NreA function are mirrored by deletion of the C-terminal PIP motif also, implying that NreA function is dependent on its ability to bind to PCNA. Taken together, our results identify a highly conserved archaeal PCNA interacting protein as an important new player in the repair of DNA damage in the archaea.
Results

Identification of a new family of PCNA interacting proteins
The presence of one or more PIP motifs in many PCNA interacting proteins allows this sequence to be used to identify novel factors potentially involved in DNA metabolism (replication, repair and recombination). Using the PIP motifs of likely Hfx. volcanii PCNA binding proteins (i.e. proteins with known PIP motif-containing PCNA binding orthologues in other archaeal species, as discussed in the Introduction) as the query sequences in BLAST searches identified several potential novel PIP motifcontaining proteins encoded by this organism, including a member of a previously uncharacterized family of archaeal proteins that carry a PIP motif at their C-terminal end (Table 1) . These proteins (designated the Nre family) are unique to the archaea: no bacterial, eukaryotic or viral Nre homologues are apparent. In a previous study, an Archaeoglobus fulgidus Nre protein was identified using the yeast two-hybrid system as interacting with PCNA, although no attempt was made to further characterise its cellular function .
The Nre proteins, which are ~ 400 amino acids long, belong to COG1602 and arCOG04269 in the COG (Clusters of Orthologous Genes) and archaeal COG (arCOG) databases, respectively (Tatusov et al., 2003 , Tatusov et al., 2001 , Tatusov et al., 2000 , Wolf et al., 2012 , Makarova et al., 2007 . Note that in the Pfam database (Finn et al., 2014) , N-and C-terminal regions of the Nre proteins are designated as two separate domains, DUF650 (domain of unknown function 650) and DUF651, due to an error in the published A. fulgidus genome sequence (see Supplementary information for further details). Fig. 1A presents a schematic overview of the domain organisation of the Nre proteins from selected archaeal species (see also 1A, see below). The PIP motif is highly conserved in the NreA proteins (Fig. 1B) but is typically less well conserved (and often undetectable) in the NreB proteins.
In addition to possessing a C-terminal PIP motif, many Nre proteins have a predicted C4 metal binding domain at their N-terminal end (Fig. 1C) . The C4 metal binding domain could either be a zinc finger DNA binding domain or an [4Fe-4S] iron-sulphur cluster. In the past few years, iron-sulphur clusters have been found in several eukaryotic and archaeal DNA replication and repair enzymes, such as the DNA repair helicases XPD and FANCJ (Rudolf et al., 2006) as well as the bacterial spore photoproduct lyase (SplB, see below) (Rebeil et al., 1998) . The functions of these iron-sulphur clusters are not clear, but it has been proposed that they may act during the search of DNA damage by acting as a redox cofactor for DNA-mediated charge transport (Boal et al., 2007) . The C4 metal binding domain cannot be essential for Nre function, however, as it is absent in some species' Nre proteins (Fig. 1A) .
To gain further insight into potential roles for the Nre proteins, we examined the genomic context of Nre-encoding genes in diverse species (Fig. 1D, Table 1 ). In both euryarchaeal and crenarchaeal organisms, genes encoding NreB proteins were found adjacent to a gene encoding a protein with significant similarities with the bacterial SplB enzyme (Chandor et al., 2006 , Buis et al., 2006 , Rebeil & Nicholson, 2001 , Slieman et al., 2000 , Rebeil et al., 1998 1A, 2A). The PIP motif has the sequence QTDIFDFA (conserved residues underlined) and is located at the immediate C-terminus of the protein, a characteristic of all known PIP motifs in Hfx. volcanii (Fig. 2B ).
To delete the nreA gene from the chromosome of Hfx. volcanii cells, we used the pop-in/pop-out method, initially replacing nreA with the selectable marker trpA (see Experimental procedures for details). Cells deleted for nreA were readily obtained by this method, indicating that the NreA protein is not required for cell viability in Hfx.
volcanii. Indeed, when cultured under standard conditions, growth of ∆nreA is indistinguishable from wild-type (Fig. 2C ).
Next we examined whether ∆nreA cells displayed increased sensitivity to DNA damaging agents, as would be anticipated if NreA has role in DNA repair in Hfx.
volcanii. Wild-type and ∆nreA cells were exposed to three diverse DNA damaging agents: ultraviolet (UV) light, methyl methanesulphonate (MMS) and mitomycin C (MMC). UV exposure causes formation of two types of DNA lesion, cyclobutane pyrimidine dimers (CPDs) and pyrimidine 6-4 photoproducts (6-4PPs), whereas MMS methylates DNA, predominantly converting guanine to 7-methylguanine and adenine to 3-methyladenine (Beranek, 1990) . MMC reacts with guanine to produce three types of MMC damage: MMC-mono-dG-adducts, intrastrand dG-MMC-dG biadducts and interstrand dG-MMC-dG crosslinks (Bargonetti et al., 2010 , Tomasz, 1995 . No increase in sensitivity, relative to wild-type cells, was seen with UV or MMS (data not shown, see Experimental procedures for doses tested). However, we found that ∆nreA cells displayed a moderate increase in sensitivity to MMC (Fig. 2D ) and explored this further.
NreA is needed for efficient repair of double strand breaks
The above results indicate a role for NreA in the repair of MMC-induced DNA damage. To investigate the sensitivity of ∆nreA cells further, we monitored chromosome damage and repair in Hfx. volcanii using a pulsed field gel electrophoresis (PFGE) assay. Mid-exponential cultures of wild-type Hfx. volcanii and ∆nreA strains growing in YPC medium were exposed to MMC at final concentration of 0.5 µg/ml for 1 hour. The MMC was then removed and the cells were allowed to recover for 10 hours. Samples for PFGE were taken prior to MMC exposure, immediately afterwards, and every two hours after MMC was removed. Samples were prepared for PFGE as described in the Experimental procedures.
As can be seen in Fig. 3 , the chromosomes of Hfx. volcanii are broken by exposure to MMC. Double-strand breaks (DSBs) in DNA are a known consequence of the inter-strand crosslink repair in replicating cells. This is visible in PFGE as the disappearance of the DNA fragments, and the appearance of a DNA smear at the bottom of the gel. In wild-type Hfx. volcanii, repair of the DSBs is first detectable after 4 hours, and is completed within 6 to 8 hours. In contrast, in ∆nreA cells, little or no repair is seen 10 hours after MMC treatment. The NreA protein is therefore required for efficient repair of DNA double-strand breaks in Hfx. volcanii.
NreA acts together with the UvrABC system to repair MMC-induced DNA damage
In order to investigate whether NreA performs its function in association with any of the previously analysed DNA repair factors in Hfx. volcanii, we performed genetic epistasis analysis. To do this, we again deleted the nreA gene but this time in cells lacking proteins involved in various aspects of DNA repair: Mre11 and Rad50, the helicase-nuclease Hef, the Holliday junction resolvase Hjc, and homologues of the bacterial NER proteins UvrA -UvrD. In Hfx. volcanii, Mre11 and Rad50 play a role in DNA double-strand break repair (DSBR), apparently by restraining homologous recombination to allow other repair pathways to act, Hef and Hjc have been implicated in replication fork restart, and UvrA, UvrB and UvrC are required for efficient repair of UV damaged DNA . No function has yet been assigned to the putative helicase UvrD.
As shown in Figs. 4A-4F, Hfx. volcanii ∆mre11 ∆rad50, ∆hef, ∆hjc, ∆uvrA, ∆uvrB and ∆uvrC strains are all more sensitive to MMC than the wild-type, confirming previous results with ∆hef and ∆hjc and demonstrating for the first time the involvement of the Mre11-Rad50 and UvrABC systems in MMC-induced damage repair in the haloarchaea. No increase in sensitivity was seen in cells lacking UvrD (Fig. 4G ), indicating that this protein is non-essential for MMC-induced damage repair, just as it is non-essential for UV damage repair . In an attempt to further characterise the relationship between the NreA, UvrA, UvrB and UvrC proteins, we assessed the UV sensitivity of wild-type, ∆nreA and ∆nreA uvrA strains. As shown in Fig. 4H , the ∆nreA strain is no more sensitive to UV irradiation than wild-type, and the double mutant ∆nreA ∆uvrA is no more sensitive than the single ∆uvrA mutant. Thus, NreA is not part of the NER system that repairs UV induced DNA damage.
NreA function is dependent on the presence of the PIP motif
The results above indicate that the NreA protein functions with UvrABC in the repair of MMC-induced chromosomal DNA damage in Hfx. volcanii. The presence of a PIP motif at the C-terminal end of NreA could reflect a requirement for PCNA binding during the repair reaction, for localization of NreA to sites of DNA damage for example. To investigate the role of PCNA binding, we constructed strains expressing a truncated NreA protein lacking the C-terminal 10 amino acids encompassing the entire PIP motif (see Fig. 1C and Experimental procedures for details), and exposed these nreA-C∆10 cells to MMC. As shown in Fig. 2C , the viability of nreA-C∆10 cells plated on increasing concentrations of MMC is essentially indistinguishable to that of ∆nreA cells. We also deleted the NreA PIP motif in the following backgrounds: ∆mre11 ∆rad50, ∆hef, ∆hjc, ∆uvrA, ∆uvrB, ∆uvrC and ∆uvrD. In each case, the ∆nreA-C∆10 strain phenocopied the corresponding ∆nreA strain (Fig. 4A -4G ).
Finally, we investigated the effects of deletion of the NreA PIP motif on recovery from MMC treatment by PFGE (Figure 3) . As with ∆nreA cells, nreA-C∆10 cells displayed increased chromosome fragmentation and delayed recovery relative to wild-type Hfx.
volcanii. We conclude that the presence of the putative PIP motif, and most likely therefore interaction with PCNA, is essential for NreA function in the repair process.
Discussion
Sliding clamps play a central role in many aspects of DNA metabolism in all three domains of life. In eukaryotes, the sliding clamp PCNA is a key component of the chromosome replication machinery and is additionally involved in DNA damage repair, cell cycle control, sister chromatid cohesion and chromatin remodeling (De Biasio & Blanco, 2013 , Hedglin et al., 2013 . These roles are mediated largely through direct protein-protein interactions with a wide range of protein factors including a number of enzymes that act directly on DNA substrates, such as polymerases, ligases, nucleases, methyltransferases and glycosylases (Tsurimoto, 2006) . Archaea also possess a PCNA clamp and this too has been implicated in diverse DNA transactions through protein-protein interactions. Here, we report the identification and functional characterisation of a new family of PCNA interacting proteins (designed Nre) involved in DNA repair in the archaea (Fig. 1) . Using the genetically tractable haloarchaeal organism Hfx. volcanii as a model, we have shown that the NreA protein is non-essential for cell viability (NreA is the sole Nre family protein encoded by Hfx. volcanii) but that ∆nreA cells are hypersensitive to the DNA damaging agent mitomycin C (MMC) and are slow to repair chromosomal DNA following MMC treatment (Fig. 2, Fig. 3 ). Genetic epistasis analysis indicates that NreA acts together with the UvrABC proteins in the repair of MMC damage (Fig. 4) .
The previously uncharacterised Nre proteins were initially identified by BLAST searching (Altschul & Koonin, 1998 , Altschul et al., 1997 using the conserved PIP (PCNA interacting protein) motif (Warbrick, 1998) as the query sequence. Nre proteins are encoded by one or two genes in all almost archaea whose genomes have been sequenced. In many cases genes encoding Nre proteins are found adjacent to (or overlapping with) those encoding archaeal homologues of spore photoproduct (SP) lyase SplB (Chandor et al., 2006 , Buis et al., 2006 , Rebeil & Nicholson, 2001 , Slieman et al., 2000 , Rebeil et al., 1998 (Fig. 1D, Table 1 ). SplB is responsible for the repair of the unusual intrastrand thymine dimer 5-thyminyl-5,6-dihydrothymine found in UV-irradiated bacterial spore DNA and could play a similar role in archaea, although it should be noted that there are no reports of formation of SP-like lesions in archaea and that the substrates of the archaeal SplB proteins remain unknown. Nevertheless, we initially hypothesized that Nre proteins, possibly associated with the SplB homologues when present, could be involved in the repair UV-induced bulky adducts, either classical cyclobutane pyrimidine dimers (CPDs) and/or pyrimidine (6-4) photoproducts (PPs) or more complex types of damage such as spore photoproducts. Hfx. volcanii ∆nreA cells do not display increased sensitivity to UV damage compared to wild-type (Fig. 4H) , however, so a major role in repair UV-induced damage is unlikely.
Next we tested the sensitivity of ∆nreA strains to mitomycin C (MMC). MMC reacts with guanine to form three types of MMC damage lesion: MMC-mono-dG-adducts, intrastrand dG-MMC-dG biadducts and interstrand dG-MMC-dG crosslinks (Bargonetti et al., 2010 , Tomasz, 1995 . ∆nreA cells display an moderate increase in sensitivity to MMC (Fig. 2D) , indicating a role for NreA function in the repair of MMCinduced DNA lesions. A similar increase in sensitivity was seen in cells expressing
NreA lacking the C-terminal PCNA binding PIP motif, implying that the function of NreA in repairing MMC damage is dependent on its interaction with PCNA (Fig. 2D) .
The increased sensitivity of ∆nreA and nreA-C∆10 strains to MMC correlates with delayed ability to repair chromosomal DNA damage as judged by PFGE (Fig. 3 ).
These observations raise the question of which type of MMC-induced damage lesion is repaired by NreA? In bacterial and eukaryotic systems, MMC mono-adducts and intrastrand crosslinks are removed by the NER pathway, while repair of interstrand crosslinks (ICLs) requires more complex mechanisms and often involves multiple different pathways working together. Little is known of how this occurs in archaea, however. The only archaeal proteins that have been shown to be involved in this repair pathway are Hef and Hjc but their exact functions remain unknown , Lestini et al., 2013 . Other bacterial or eukaryotic proteins known to be involved in ICL repair are present in archaea, including the Mre11-Rad50 complex (Delmas et al., 2013 ) and the NER system, which in the haloarchaea (Crowley et al., 2006 involves homologues of the bacterial UvrA, UvrB and UvrC proteins, the genes for which where presumably acquired by lateral gene transfer from bacteria. Our results confirm that all these factors are involved in the repair of MMC-induced DNA damage in Hfx.volcanii (Fig.   4) .
In eukaryotic cells, the MRN (Mre11-Rad50-Nbs1) complex is known to be involved in DNA double-strand break (DSB) repair through homologous recombination (HR).
In contrast, Hfx. volcanii Mre11-Rad50 restrains HR, instead of promoting it through DNA end resection . Moreover, absence of the Mre11-Rad50 complex increases resistance to several types of DNA damage (UV, phleomycin, γ-irradiation and MMS). The higher sensitivity of the ∆rad50 ∆mre11 double deletion to MMC (Fig. 4A) volcanii and Mre11-Rad50 function is required to prevent fork collapse under these conditions, then this could explain the increased sensitivity of ∆rad50 ∆mre11 cells to MMC observed here.
Regarding the UvrABC system, this is known to be involved in the repair of MMCinduced DNA damage in other systems . NER can repair monoadducts and intrastrand crosslinks, which are similar to CPD or PPs, and also ICLs.
The results presented here confirm that UvrABC proteins are needed for efficient repair of MMC-induced DNA damage in Hfx. volcanii (Fig. 4D-F) . Cells lacking any one of the three uvrA, uvrB or uvrC genes are significantly more sensitive to MMC than either wild-type or ∆nreA cells (Fig. 4D-F) . Strikingly, the double mutants ∆nreA ∆uvrA, ∆nreA ∆uvrB and ∆nreA ∆uvrC are no more sensitive than the ∆uvrA, ∆uvrB and ∆uvrC single mutants, suggesting that NreA is involved in the same MMC damage repair pathway as UvrABC, such that in the absence of UvrABC function the presence or absence of NreA is irrelevant. Note, however, that ∆nreA cells are not UV sensitive, unlike ∆uvrA, ∆uvrB and ∆uvrC single mutants, and that a ∆nreA ∆uvrA double mutant is no more sensitive than the ∆uvrA single mutant (Fig. 4H) . These results indicate that NreA does not play a general role in UvrABC-mediated NER but could suggest that NreA functions in a step specific to particular types of DNA damage.
In addition to UvrABC, Hfx. volcanii also encodes a homologue of the bacterial UvrD helicase. In bacteria, UvrD plays important roles in both NER and also in mismatch repair (MMR), the main pathway correcting DNA sequence errors arising from nucleotide insertion, deletion and misincorporation during replication and recombination . Recent results indicate that in a specific subpathway of NER called transcription-coupled DNA repair (TCR), UvrD acts by binding to RNA polymerase (RNAP) and inducing RNAP backtracking, allowing NER enzymes to gain access to DNA lesions that would otherwise be shielded by the stalled polymerase (Brosh, 2014 , Epshtein, 2015 , Epshtein et al., 2014 . In MMR, UvrD acts to unwind DNA in the vicinity of the mismatch, thereby exposing singlestranded DNA to nuclease cleavage and subsequent removal . Whether one, both or neither of these roles is conserved in Hfx. volcanii cells remains to be seen.
We show here that, in contrast to what is observed with ∆uvrA, ∆uvrB and ∆uvrC single mutants, Hfx. volcanii ∆uvrD cells are no more sensitive to MMC than wild-type (Fig. 4G ). It has previously been shown that ∆uvrD cells are not especially sensitive to UV either . UvrD therefore either plays no role in the repair of UV and MMC-induced DNA damage in Hfx. volcanii, or it can be replaced by another protein with redundant activity. Interestingly, when both UvrD and NreA are absent, cells become hypersensitive to MMC (Fig. 4G) , suggesting that that UvrD and NreA might share a redundant function in the repair of MMC-induced damage by the UvrABC system. It is tempting to speculate that NreA could contribute either to backtracking of archaeal RNAP stalled at MMC-induced lesions or in preventing the RNAP from becoming stalled at MMC-induced lesions in the first place, or that NreA could act downstream of the MutS and MutL proteins (Hfx. volcanii encodes two of each) in MMR-type pathway that can act to remove MMC lesions.
As shown previously , strains lacking Hef and Hjc are more sensitive to MMC than wild-type (Fig. 4B, 4C ). These authors proposed that Hef and Hjc act at replication fork stalled by MMC-induced ICLs, and that Hef could either reverse the replication using its helicase activity, allowing the Hjc nuclease to resolve the resulting Holliday junction, or that Hef could directly cut the fork leading to a double strand break. NreA does not appear to be part of this mechanism, as ∆nreA ∆hjc and ∆nreA ∆hef cells are more sensitive than the ∆hjc and ∆hef single mutants.
However, there is a link between all these proteins. As shown in the PFGE assays, NreA is involved in the repair of the DSBs caused by MMC treatment (Fig. 3) . These double strand breaks are likely to occur mainly at replication forks as the replication machinery encounters an ICL. At the point, in the absence of Hef, fork reversal may not be possible and thus the propensity for DSB formation will increase. If the increase in DSB formation occurs in cells lacking NreA, where DSB repair is reduced, then the overall effect will be a synergistic increase in MMC sensitivity, as observed (Fig. 4C) .
With regard to Hjc, this protein is believed to be responsible for resolution of Holliday junctions formed during DNA double strand break repair by homologous recombination (HR). The results shown in Fig. 4B indicate a role for Hjc in repair of MMC-induced damage, confirming results reported previously . 
Experimental procedures
Strains and media
Hfx. volcanii strains used in this study are listed in tryptophan (50 µg/ml) and/or thymidine and hypoxanthine (40 µg/ml each) were added to Hv-CA. For counter-selection with 5-fluoroorotic acid (5-FOA), Hv-CA was supplemented with 5-fluoroorotic acid (50 µg/ml) and uracil (10 µg/ml).
Enzymes for molecular cloning were purchased from New England Biolabs (NEB), Promega or Fermentas. Oligonucleotides (Table 3) were synthesized by Integrated DNA Technologies. DNA sequencing was performed by DNA Sequencing & Services, University of Dundee. DNA purification kits were from Qiagen. Diagnostic PCR was performed using MyTaqRed (Bioline) and preparative PCR using Q5 DNA polymerase (NEB). For routine molecular cloning, E. coli DH5α (fhuA2 ∆(argF-
was used. To prepare unmethylated plasmid DNA for Hfx. volcanii transformation, E.
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coli strains were grown in LB medium (Formedium) supplemented with ampicillin (100 µg/ml) as required.
Plasmids for gene and PIP motif deletion
Plasmids for gene deletion were constructed by separately amplifying the 5' and 3' flanking regions of the nreA gene using primer pairs HfxNreA-5S and HfxNreA-5B (5' flanking region) and HfxNreA-3B and HfxNreA-3E (3' flanking region) and Hfx.
volcanii DS70 genomic DNA as template. Primer sequences are shown in Table 3 .
The PCR products were then digested using SpeI and BamHI (5' flanking region product) or BamHI and EcoRI (3' flanking region product fragment), and ligated together in pTA131 that had been digested with SpeI and EcoRI.
The resulting plasmid, pTA131-HfxNreA-SBE, was used for markerless deletion of the nreA gene. For replacement of nreA with the trpA selectable marker, a DNA fragment containing the trpA selectable marker gene was obtained by restriction of plasmid pTA298 with BamHI, and cloned into pTA131-HfxNreA-SBE digested with the same enzyme to make plasmid pTA131-HfxNreA-SBE-TrpA.
The plasmid for PIP motif deletion was constructed by PCR overlap extension mutagenesis (OEM). Initially, two separate PCR reactions were performed with primers HfxNreA-PIP-5E and -PIP-R (first reaction) and HfxNreA-PIP-F and -PIP-3S
(second reaction) and Hfx. volcanii DS70 genomic DNA as template. The products of these reactions were partially purified, mixed and used as a template for amplification with primers HfxNreA-PIP-5E and -PIP-3S. The resulting product was restricted with
EcoRI and SpeI and cloned into pTA131 cut with the same enzymes, to produce plasmid pTA131-HfxNreA-C∆10.
Plasmids were sequenced to ensure the absence of unwanted changes in the sequence and subsequently transformed into E. coli SCS110 to obtain unmethylated DNA for Hfx. volcanii transformation.
Gene deletion
The pop-in/pop-out method was used for gene deletion (Bitan-Banin et al., 2003) .
Unmethylated plasmids pTA131-HfxNreA-SBE-TrpA and pTA131-HfxNreA-SBE were transformed into various Hfx. volcanii strains (see Table 2 , where plasmid names are shortened to pTA131-NreA-TrpA and pTA131-NreA for brevity) and transformants obtained following growth for 7 days at 45°C on Hv-CA medium supplemented with tryptophan and/or thymidine and hypoxanthine as required. For trpA gene replacement, pTA131-HfxNreA-SBE-TrpA transformants of strain H99 were picked, resuspended in Hv-CA medium and plated on Hv-CA plates containing thymidine and hypoxanthine, uracil and 5-FOA with or without tryptophan. Following 7 days growth at 45°C, 16 colonies were picked from plates lacking tryptophan (i.e. putative gene replacements) and screened by PCR using primers HfxNreA-PCR-F and HfxNreA-PCR-R (Table 3) ; all sixteen appeared to have lost the nreA gene. Candidate ∆nreA::trpA strains were then re-streaked to single colonies, re-tested to confirm the ∆nreA genotype and stored at -80°C in 20% glycerol.
For each markerless gene deletion, a single pTA131-HfxNreA-SBE transformant (i.e. a pop-in colony) was picked, resuspended in Hv-CA medium and then plated on Hv-CA plates containing uracil and 5-FOA (and supplements as required) at 45°C.
Following 7 days growth, colonies were picked and screened by PCR as above.
Using this method, markerless ∆nreA strains were generally recovered at a frequency ranging from 1 in 8 to 1 in 16 of colonies analysed. As above, candidate ∆nreA strains were then re-streaked to single colonies, re-tested to confirm the ∆nreA genotype and stored at -80°C.
PIP motif deletion
To delete the NreA PIP motif, unmethylated plasmid pTA131-HfxNreA-C∆10 was transformed into various Hfx. volcanii strains and pop-out strains obtained in the presence of uracil and 5-FOA exactly as described above. Pop-out colonies were then screened using primers HfxNreA-PIP-SF and PIP-SR (these produce a 334 nt PCR product in wild-type cells that is reduced to 304 nt in nreA-C∆10 cells) or with primer HfxNreA-PIP-SR paired with either of the 3' mistmatched primers HfxNreA-PIP-WT or HfxNreA-PIP-MUT (see Table 3 ). The HfxNreA-PIP-SR and -PIP-WT pair will only amplify the wild-type chromosome (i.e. with intact PIP motif coding sequence) whereas the HfxNreA-PIP-SR and -PIP-MUT pair will only amplify the nreA-C∆10 chromosome.
DNA damage sensitivity assays
Cells were grown in Hv-YPC (with thymidine and hypoxanthine when needed) to an OD 650 of 0.3 and then 10-fold serial diluted. Dilutions were either plated (100 µl) or spotted (5 µl) on Hv-YPC plates containing increasing amounts of mitomycin C (MMC) ranging from 0 to 40 ng/ml or MMS ranging from 0 to 0.12%. After drying, plates were incubated at 45°C for 5 days. Colonies were then counted and survival curve plotted. Alternatively, serial dilutions were spotted or plated on Hv-YPC plates and exposed to UV-C (254 nm) doses ranging from 0 to 300 J/m 2 using a Stratalinker UV1800 (Agilent) and grown in the dark at 45°C for 5-7 days.
Pulse Field Gel Electrophoresis (PFGE) assays
PFGE was carried out according to the protocol of Kish and co-workers (Kish & DiRuggiero, 2008) , with minor modifications. Hfx. volcanii cells were grown at 45°C in Hv-YPC to an OD 650 of 0.3 (t = 0 h) before addition of MMC to a final concentration of 0.5 µg/ml for 1 hour. Cells were harvested by centrifugation at 1800 g for 10 minutes, resuspended in pre-warmed Hv-YPC and grown for 10 hours in Hv-YPC to allow recovery. 1x10 9 cells were sampled at the following times: 0 h, after 1 h of MMC exposure and at 2 h, 4 h, 6 h, 8 h and 10 h (during recovery).
Samples were harvested by centrifugation at 1800 g for 10 minutes and resuspended in 500 µl of 18% salt water (SW), prepared as describe in the Halohandbook v7.2 (see above). 500µl of low-melt agarose solution (0.8% agarose in 3:1 18% SW:H 2 O)
were added, and after gentle mixing, the suspension was poured into plug molds.
Cells were then lysed by adding the plugs in proteinase K solution (250 mM EDTA pH8, 1% N-lauryl-sarcosine, 0.5 mg/ml proteinase K) for 18 h at 56°C. Oligonucleotide primers used for mutant detection are shown with 3' mismatched based underlined (HfxNreA-PIP-SF and -SR).
A. For construction of pTA131-HfxNreA-SBE
HfxNreA-5S 5'-ACTAGTAGGACGACGAGACATCCGAAGAAG-3'
HfxNreA-5B 5'-GGATCCTCACCGGACGTGGGTCGCCCGCGG-3'
HfxNreA-3B 5'-GGATCCGCAACTATTTTGACAGTCGGATAA-3'
HfxNreA-3E 5'-GAATTCTCTACGCGTTTCACCACGTCGGCA-3'
B. For construction of pTA131-HfxNreA-C∆10
HfxNreA-PIP-5E 5'-AGTGAATTCTCGAAATCTACCGCAACGAGTTCAT-3'
HfxNreA-PIP-3S 5'-AGTACTAGTGGTCGTCTACCACCTGAGCATCAT-3'
C. For detection of deletion strains by PCR
HfxNreA-PCR-F 5'-TTCCCTCGAAGAGATTTCCG-3'
HfxNreA-PCR-R and SplB-like proteins (PTO1500, Q6KYW7). Exponentially growing cells were exposed to 0.5 µg/ml MMC for 1 hour and the repair of the chromosome followed by PFGE over a period of 10 hours. (Hawkins et al., 2013 , Hartman et al., 2010 . SwaI also cuts the endogenous plasmid pHV3 at two locations, producing 438 kb and 20 kb fragments. Neither the 26 kb (main chromosome) fragment, the 20 kb (pHV3) fragment, nor pHV1, is visible on the PFGE gels. Table 2 .
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Supplementary information
In the Pfam database (Finn et al., 2014) , N-and C-terminal regions of the Nre proteins are designated as DUF650 (domain of unknown function 650) and DUF651.
This designation (specifically, the splitting of the Nre protein into two separate domains) is based on protein sequences encoded by the genome of the A. fulgidus:
in this organism, sequences encoding the N-terminal and C-terminal domains were reported (Klenk et al., 1997) to be present as separate but adjacent ORFs encoding proteins AF1346 and AF1347, with the C-terminal end of AF1347 being identified in the earlier two-hybrid screen as binding PCNA . However, the sequence of this part of A. fulgidus chromosome is incorrect and both domains are actually expressed as a single AF1346-AF1347 ORF
Resequencing of AF1346-AF1347
As part of an effort to co-express the A. fulgidus AF1346 and AF1347 proteins in recombinant form in E.coli, the AF1346-AF1347 genomic region was amplified by PCR using primers AfuNreA-5Bam (5'-GTGTGGTTGTGGATCCGATGGTTTCTGTGAGGTGCGCTGAA-3') and AfuNreA3Pac (5'-GTGTGTGTGTTTAATTAACTTTCCCTCGATTTCCTAACC-3'), restricted with BamHI and PacI (sites underlined in primer sequences) and cloned into the 
